Taurine is the most abundant free amino acid in the body and is present at high concentrations during development and in the early milk. It is synthesized from cysteine via oxidation of cysteine to cysteinesulfinate by the enzyme cysteine dioxygenase (CDO), followed by the decarboxylation of cysteinesulfinate to hypotaurine, catalyzed by cysteine sulfinic acid decarboxylase (CSAD). To determine whether the taurine biosynthetic pathway is present in mammary gland and whether it is differentially expressed during pregnancy and lactation, and also to further explore the possible regulation of hepatic taurine synthesis during pregnancy and lactation, we measured mammary and hepatic CDO and CSAD mRNA and protein concentrations and tissue, plasma and milk taurine concentrations. CDO and CSAD mRNA and protein were expressed in mammary gland and liver regardless of physiological state. Immunohistochemistry demonstrated the expression of CDO in ductal cells of pregnant rats, but not in other mammary epithelial cells or in ductal cells of nonpregnant rats. CDO was also present in stromal adipocytes in mammary glands of both pregnant and nonpregnant rats. Our findings support an upregulation of taurine synthetic capacity in the mammary gland of pregnant rats, based on mammary taurine and hypotaurine concentrations and the intense immunohistochemical staining for CDO in ductal cells of pregnant rats.
Introduction
Taurine is the most abundant free amino acid in the body. Hypotaurine is synthesized from cysteine by the sequential action of 2 enzymes, cysteine dioxygenase (CDO 3 ; EC 1. 13.11.20) , which catalyzes the oxidation of cysteine to cysteinesulfinate, and cysteine sulfinic acid decarboxylase (CSAD; EC 4.1.1.29), which catalyzes the decarboxylation of cysteinesulfinate to hypotaurine. It has not yet been established whether the final oxidation of hypotaurine to taurine is enzymatic, but relatively low concentrations of hypotaurine are found in mammalian tissues and hypotaurine accumulates in plasma and tissues when excess cysteine is fed to rats (1) . In liver, where the majority of whole body taurine biosynthesis occurs, changes in CDO activity have a much greater effect on the rate of taurine biosynthesis than do changes in CSAD activity (2) (3) (4) .
Numerous studies have shown that CDO and CSAD activities directly correspond to the respective enzyme concentrations in tissues. Tissue CDO levels are regulated predominantly at the level of protein ubiquitination and proteasomal degradation in response to intracellular cysteine concentrations (4) (5) (6) . CDO is degraded when cysteine is limiting and needs to be conserved, whereas CDO is stabilized when cysteine availability is high (5, 7) . Although CDO mRNA concentrations generally correlate well with CDO expression across tissues, CDO mRNA expression does not correspond well with actual CDO concentrations within the liver or in primary hepatocytes where an increase in dietary protein or sulfur amino acid supply results in ,60% increase in CDO mRNA but an 11-to 45-fold increase in CDO concentrations (4) (5) (6) . Although the generation of cysteinesulfinate from cysteine appears to be the major determinant of taurine biosynthesis, changes in CSAD concentrations can modulate the partitioning of cysteinesulfinate metabolism between decarboxylation to hypotaurine (which is further oxidized to taurine) and transamination to yield pyruvate and sulfite (which is further oxidized to sulfate) (8, 9) . Differences in the abundance of CSAD mRNA are closely paralleled by differences in CSAD protein abundance in liver, lung, and brain, but rat kidney contains very high concentrations of CSAD mRNA relative to CSAD protein, suggesting the possibility that CSAD expression in some tissues may not be regulated through changes in mRNA abundance (4) .
Most of the work on CDO and CSAD has focused on liver, the primary site of cysteine catabolism and taurine synthesis. Recent work, however, has shown that these taurine synthetic enzymes are expressed in many extrahepatic tissues including high concentrations in adipose tissue and modest levels in kidney (4, (10) (11) (12) (13) , suggesting that the taurine biosynthetic pathway may also play an important role in nonhepatic tissues. The mammary gland is of particular interest because of the nutritional importance of taurine during early postnatal development. However, there is essentially no available information about CDO and CSAD expression in mammary gland except for a single report of CSAD mRNA expression in rat mammary gland (11) .
The importance of taurine in early development is consistent with the presence of relatively high concentrations of taurine in tissues of developing animals and in milk (14) (15) (16) . In rat milk, the concentration of taurine is highest in the colostrum and then drops precipitously to a lower level that is maintained throughout the remainder of the lactation period. A deficiency in taurine during fetal life or during suckling, specifically from the early milk, manifests itself in fetal and postnatal growth deficits in the pup (14, 17) and in a variety of developmental defects, most notably in the visual and central nervous systems (16, 18) . A specific role for taurine in tissue morphogenesis is suggested by studies of pancreatic development. Taurine supplementation ameliorated the negative effects of a low protein diet during gestation on the development of the fetal rat pancreas, including the normalization of vascularization, islet cell mass, and insulin secretion (19) (20) (21) (22) . Furthermore, taurine supplementation of pregnant nondiabetic obese mice throughout gestation or until weaning resulted in greater pancreatic islet mass, reduced insulitis, and delayed onset of diabetes in the offspring (23) .
Thus, to determine whether the taurine biosynthetic pathway is expressed in mammary gland, where it might contribute to taurine biosynthesis for secretion in the milk, and whether its expression is altered in response to pregnancy or lactation, we examined the expression of CDO and CSAD and measured taurine concentrations in mammary gland of nonpregnant rats and in rats at several time points during the course of pregnancy and lactation. Because the cellular composition of the mammary gland changes with pregnancy, we also examined the cellular localization of CDO within the mammary gland of nonpregnant and pregnant rats. Finally, we measured CDO and CSAD expression and taurine concentrations in the liver and plasma of pregnant and lactating rats to determine whether peak hepatic taurine concentrations were associated with increased concentrations of taurine biosynthetic enzymes, because we previously reported a dramatic peak in hepatic taurine concentrations in rat dams near the end of pregnancy (d 19-21) that was rapidly dissipated following parturition (15) .
Materials and Methods
Animals, tissue collection, and preparation. Experimental procedures were conducted with the approval of the Cornell University Institutional Animal Care and Use Committee. A total of 34 virgin female Sprague-Dawley rats (Harlan) were obtained and housed in a facility kept at constant temperature and humidity (;22°C, ;65% humidity) with controlled lighting ( 14-h light: 10-h dark cycle). All animals had access to a standard rodent nonpurified diet (Prolab RMH 1000, PMI Nutrition International 16.4% protein, 57.6% carbohydrate, 6.2% fat, 3.5% crude fiber) and water ad libitum. Estrus was determined by microscopic examination of vaginal smears, and females were mated with males in a breeding cage. The morning a copulation plug or sperm in the smear was detected was considered d 0.5. Pregnant females were randomly assigned to groups that were killed at d 13.5, 18.5, and 19.5 of pregnancy and d 2, 10, and 22 of lactation (birth ¼ d 1 of lactation). Litter size was adjusted to 8 pups on d 2 after birth. Tissues from nonpregnant, nonlactating, nulliparous (NP) females were collected during estrus or diestrus and used as NP controls. Animals were anesthetized with sodium pentobarbital (50 mg/kg body weight, intraperitoneal). Lactating dams were given oxytocin (5 IU/kg body weight, intraperitoneal) and were then milked by manual stripping of the glands. Blood was collected by decapitation and immediately centrifuged to obtain plasma. Liver and the fourth inguinal mammary gland were removed and immediately frozen in liquid nitrogen.
Preparation of tissue lysates and Western immunoblotting. Tissue lysates were prepared and Western-blot analyses were conducted as previously described with minor modifications (5). Tissue samples were separated by SDS-PAGE and transferred to a PVDF membrane, and immunoreactive proteins were detected by chemiluminescence (Supersignal West Dura, Pierce) using an anti-CDO (1:5000 dilution) or anti-CSAD (1:10,000 dilution) and horseradish peroxidase-linked secondary antibody. Signals were detected by exposure to X-ray film and analyzed by NIH Image 1.63 software. The rabbit anti-CDO was raised against His 6 -tagged IMAC-purified rat CDO; the IgG fraction was purified from rabbit serum using a protein A column (BioRad Laboratories). The rabbit anti-rat CSAD was a generous gift from Dr. Marcel Tappaz [INSERM, France, (24)].
RNA isolation and analysis. Total RNA was isolated using Qiazol and RNeasy Mini kit (Qiagen). CDO and CSAD mRNA transcripts were measured by Northern blot analysis using radiolabeled cDNA probes corresponding to nucleotide 1-600 of the coding region of rat CDO mRNA and nucleotide 1-610 of the coding region of rat CSAD mRNA. Equality of loading and transfer was verified by 18S ribosomal RNA hybridization (25) and signals were quantified using a phosphorimager (Cyclone & OptiQuant Image Analysis, Perkin-Elmer).
Measurement of taurine. Frozen tissues were deproteinized by homogenization in 3 volumes of 5% (wt:v) sulfosalicylic acid, and plasma was deproteinized by mixing with 1 volume of 5% sulfosalicylic acid. The acid supernatant was obtained by centrifugation (18,000 3 g for 15 min). Milk was defatted by centrifugation at 4°C, and defatted milk was deproteinized as described for plasma. The acid supernatants and standards were diluted 1:50 with a solution of 200 mmol/L borate buffer, pH 10.4, and analyzed for hypotaurine and taurine concentrations using a precolumn o-phthalaldehyde-2-mercaptoethanol derivatization method and separation by HPLC, as described in detail previously (5).
Immunohistochemistry. Mammary glands from a NP and a 16. 5-d pregnant rat were fixed in 4% (wt:v) paraformaldehyde, embedded in paraffin and sectioned into 4 mm sections. After deparaffinization, sections were immersed in 0.5% (v:v) hydrogen peroxide in methanol to block endogenous peroxidases and steamed in 0.01 mol/L citrate buffer, pH 6.0 for 15 min for antigen retrieval. Sections were blocked with 10% (v:v) nonimmune goat serum (Zymed, Invitrogen) in 23 casein (Vector Laboratories) prior to incubation, for 2 h at 37°C, with a 1:90 dilution of an affinity-purified rabbit-anti-rat CDO antibody (18) or an equivalent concentration of nonimmune rabbit IgG (IgG control) diluted in 13 casein in PBS. Application of biotinylated secondary antibody followed by streptavidin peroxidase and AEC chromagen substrate (Zymed) was performed for color development, and sections were counterstained with Gill's #2 hematoxylin.
Statistical analysis. Quantitative data were analyzed by 1-way ANOVA followed by comparison of means with Tukey's multiple comparisons test. Differences were accepted as significant at P # 0.05. All quantitative data are expressed as means 6 SE.
Results
CDO and CSAD are expressed in mammary gland. Both CDO and CSAD are expressed in rat mammary gland.
FIGURE 3 Concentration of taurine in rat milk (A) and of taurine (B)
and hypotaurine (C) in rat mammary gland during pregnancy and lactation. Each bar represents the mean 6 SE (n ¼ 4-5 rats). Hypotaurine was not detected in milk samples. NP, nonpregnant/ nulliparous. Bars not denoted by the same letter differ, P # 0.05.
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Representative Western blots for CDO and CSAD are shown in Figure 1 . Both proteins were clearly detectable in mammary gland of rats, although mammary CDO abundance appeared to vary with physiological state. In general, both CSAD and CDO were less abundant in mammary tissue than in liver, which expresses high levels of both enzymes.
We further examined the expression of CDO and CSAD in mammary gland during pregnancy and lactation. Quantitative Northern blot analysis of CDO mRNA ( Fig. 2A) and CSAD mRNA (Fig. 2B) showed decreases in the relative abundance of both CDO and CSAD mRNA in mammary gland during pregnancy to reach plateaus at ;30 and ;50% of the NP level, respectively. CDO and CSAD mRNA remained low throughout lactation. Quantitative Western blot analysis of CDO (Fig. 2C) and CSAD (Fig. 2D) showed less dramatic changes in relative protein abundance than in relative mRNA abundance over the course of pregnancy. Despite the much lower abundance of CDO mRNA, CDO protein abundance did not decrease over the course of pregnancy and lactation, and in fact, was higher (P # 0.05) than the NP level at d 13.5 of pregnancy and d 22 of lactation. The disagreement in the expression of mammary gland CDO mRNA and protein concentrations is consistent with our previous observations for posttranscriptional regulation of CDO levels in liver, in which 11-to 45-fold changes in CDO concentration and CDO activity were obtained despite little or no change in CDO mRNA levels (4,9). In contrast to the abrupt decrease in mammary CSAD mRNA abundance within the first 13.5 d of pregnancy, CSAD abundance gradually decreased over the course of pregnancy and lactation, becoming lower (P # 0.05) than the NP concentration by d 18.5 of pregnancy and remaining low throughout lactation. This slower decline of CSAD could be due to the longer half-life of CSAD protein compared with CSAD mRNA (26, 27) 
Hypotaurine and taurine concentrations in mammary tissue and milk. As previously reported (14, 15) , milk taurine concentration was highest in early lactation, just after birth (Fig.  3A) , and then decreased by 75% and remained low at the end of the lactation period. Whereas milk taurine concentration declined dramatically shortly after the onset of lactation, the abundance of CDO in the mammary tissue increased and CSAD abundance declined only modestly over the course of lactation (Fig. 2C and D) .
Given that the enzymes required for the taurine biosynthetic pathway are present in the mammary gland, we investigated the concentrations of taurine and hypotaurine in mammary tissue. Mammary taurine concentrations were higher during pregnancy than during the lactation period (Fig. 3B) . One possible explanation for lower taurine levels in mammary gland of lactating rats, compared with pregnant rats, could be the loss of taurine by secretion into the milk. We detected hypotaurine in mammary gland of pregnant rats but not in mammary gland of NP or lactating rats (Fig. 3C) . The presence of hypotaurine, the immediate product of the sequential actions of CDO and CSAD, in tissues is generally considered to be a good indicator of a high rate of taurine biosynthesis in that tissue (1,5,7), suggesting mammary gland is actively synthesizing taurine during pregnancy. The significant 77% decrease in hypotaurine concentrations from d 13.5 to d 19.5 of pregnancy is consistent with the 29% decrease in CDO and the 23% decrease in CSAD abundance that occurred during this same time period. Taken together, these data indicate that rat mammary gland actively synthesizes taurine. CDO and CSAD mRNA and protein concentrations in liver. Hepatic CDO mRNA expression was highest in the NP rats, with abundance during pregnancy and lactation averaging 75% and 81%, respectively, of the NP level (Fig. 4A) . The relative abundance of CSAD mRNA in liver during pregnancy did not differ from the NP level, but hepatic CSAD mRNA abundance was significantly higher during lactation than during pregnancy and reached 181% of the NP concentration by d 22 of lactation (Fig. 4B) .
Hepatic CDO concentration was similar to the NP level at d 13.5 of pregnancy and d 2 of lactation but decreased over the course of both pregnancy and lactation so that concentrations at d 19.5 of pregnancy and d 10 and 22 of lactation were lower (P # 0.05) than the NP level (Fig. 4C) . These findings for CDO concentration are consistent with earlier observations for hepatic CDO activity during pregnancy and lactation (28) . However, as anticipated, changes in hepatic CDO levels significantly changed during pregnancy and lactation, whereas hepatic CDO mRNA abundance showed little change during late pregnancy through the end of lactation. In contrast, both the CSAD concentrations and transcript abundance were low during pregnancy and increased during lactation, suggesting that regulation of hepatic CSAD concentration occurs mainly at the level of mRNA (Fig. 4D) . CSAD concentrations in liver of lactating rats were consistently higher than those in NP or pregnant rats; hepatic CSAD levels reached 151% of NP levels by d 22 of lactation.
Taurine concentrations in plasma and liver. Neither the plasma nor the hepatic taurine concentration differed significantly from the NP level at any time point during pregnancy or lactation (Fig. 5A , 5B). However, plasma taurine was higher (P # 0.05) at d 2 of lactation than at d 18.5 and 19.5 of pregnancy or d 10 and 22 of lactation. Also, the hepatic taurine concentration was greater (P # 0.05) at d 13.5 of pregnancy and d 2 of lactation than at d 22 of lactation. Elevated taurine concentrations in liver and plasma were observed at d 2 of lactation when the concentration of taurine in the early milk was also high (Fig. 3A) . In addition, hepatic levels of both CDO and CSAD at d 2 of lactation were greater (P # 0.01) than at the end of pregnancy (d 19.5) (Fig. 4C and 4D) . Furthermore, the changes in hepatic and plasma taurine concentrations over the course of lactation were similar to changes in the taurine concentration of the milk, although the fold changes were greater in liver than in plasma or milk. For example, liver taurine at the end of lactation (d 22) was only 18% of the d-2 level whereas plasma taurine was 62% and milk taurine was 35% of their d-2 levels. Overall, these results are consistent with a possible contribution of hepatic taurine synthesis to the pool of taurine secreted in the milk and suggest that increases in both CDO and CSAD may play a role in elevated taurine synthesis during early lactation.
Localization of CDO in mammary gland. Immunohistochemistry demonstrated that localization of CDO differed between the NP and pregnant rat mammary gland (Fig. 6) . The ductal epithelium did not show staining for CDO in the mammary of NP rats. In contrast, in the pregnant (d 16.5) rat, the ductal epithelial cells were intensely stained, and this staining was concentrated on the apical side of these cells. Little staining was observed in the milk secreting alveolar structures. We obtained evidence for the expression of CDO in mammary adipose cells for both NP and pregnant rats: the stromal adipoctyes showed staining for CDO, within the cytoplasm and some nuclei, located inside the plasma membrane and displaced by the fat droplet. In all cases, the IgG control sections showed no specific staining.
Discussion
Although both CDO and CSAD are highly expressed in liver where they play a primary role in the catabolism of cysteine and in taurine biosynthesis, it is now clear that CDO and CSAD are expressed in a number of nonhepatic tissues, including brown and white adipose tissues, kidney, lung, brain, and placenta (3, 4, 10, 12, 16, 29, 30) . Expression of neither CDO nor CSAD has been detected in skeletal or cardiac muscle, testis, or spleen. Results presented here demonstrate that mammary gland is an additional tissue that expresses high concentrations of both CDO and CSAD.
In addition to demonstrating expression of CDO in mammary gland, we also observed both epithelial and adipocyte localization of CDO within the mammary gland. Expression of CDO in epithelial cells was specific for the ductal cells and depended upon physiological state. Ductal cells of pregnant rats showed intense staining for CDO, whereas no staining was observed in ductal cells of NP rats. This epithelial cell localization of CDO is consistent with CDO expression in the bronchiolar epithelium in the lung and the convoluted tubular cells in Taurine synthetic enzymes in rat mammary gland 1891 the kidney (29) and with the localization reported for CSAD mRNA in the mammary epithelium in pregnant rats (11) . In contrast, CDO was present in mammary adipocytes of both pregnant and NP rats. The expression of CDO within adipocytes in the stroma of the mammary gland is consistent with the observed expression of CDO in other adipose depots (12, 30) . Our immunohistochemical staining indicated that CDO exists in both the cytoplasm and the nucleus of the mammary adipocytes. This nuclear localization is consistent with the identification of a unique peptide fragment corresponding to the phosphorylation of a threonine 59 residue of CDO in a screen of nuclear phosphoproteins in HeLa cells (31) .
In general, our results are consistent with a contribution of both mammary gland and liver to the biosynthesis of taurine. In particular, our findings provide evidence for significant taurine synthetic capacity in mammary gland of pregnant rats based on mammary taurine and hypotaurine concentrations and the intense immunohistochemical staining for CDO in ductal cells of pregnant rats. Hepatic taurine synthetic capacity, as judged by CDO and CSAD abundance, and taurine concentrations were highest in rats during the early stages of lactation. For both CDO and CSAD, enzyme activity and metabolic capacity are closely related to enzyme concentration (4, 8, 9) . Nevertheless, given the complex changes in cell size and populations that occur during mammary development, including changes in adipoctye size and the relative proportion of adipoctyes to parenchymal epithelial cells, as well as the massive hyperplasia of both the ductal epithelial cells that express CDO and the nonstaining alveolar population, it is difficult to estimate total taurine synthetic capacity of mammary gland at various stages.
The precise function of the apparent regulation of CDO and of CSAD expression in the mammary gland during pregnancy and lactation is not obvious but could be related to mammary development and differentiation. The mammary gland is a dynamic organ that undergoes many cycles of proliferation, differentiation, and apoptosis during the reproductive cycle (32, 33) . The mammary gland is composed primarily of an adipose stroma, composed mainly of adipocytes and fibroblasts, within which the parenchyma, composed of a system of branching ducts and alveoli, can grow. Growth and development of the mammary gland in the first half of pregnancy involves a significant increase in proliferation of the epithelial parenchymal cells, with the formation of branching ducts and alveolar buds, as well as increased vascularization of the tissue. The basement membrane and ductal structures form in vitro only when mammary epithelial cells are cocultured with adipocytes or preadipocytes (34) , suggesting that stromal cells may be necessary for mammary growth and morphogenesis. During the second half of pregnancy, the majority of differentiation of the gland occurs, especially near the end of pregnancy. During this lobuloalveolar phase, the proportion of ductal and alveolar epithelial cells constituting the parenchymal compartment increases dramatically, such that the relative proportion of parenchymal to stromal cells decreases markedly (33) . It is possible that the differentiating mammary gland requires taurine for normal development and, in particular, for cell proliferation for ductal branching. An alternative possibility is that CDO is necessary to regulate cellular thiol concentration and redox state in cells undergoing proliferation and differentiation (35) . Furthermore, CDO expression in the mammary gland could be subject to regulation by hormones, as has been shown in a few tissues by microarray analysis. For example, the combination of estrogen and progesterone, but not either hormone alone, increased CDO expression in the lacrimal gland of ovariectomized female mice (36) , and growth hormone treatment suppressed CDO expression in liver of male rats (37, 38) . Clearly, further investigation of the hormonal regulation of the taurine synthetic enzymes is necessary.
The periparturient period and the onset of lactation mark rapid and dynamic changes in physiological state and nutrient demands on the dam for milk synthesis. Taurine synthesis may be important in providing taurine for secretion in the milk or in repletion of maternal reserves depleted during pregnancy or lactation. Mammary taurine levels appeared to become depleted during lactation, which might be due to further depletion of the stromal adipose tissue, to a decline in the CDO-expressing ductal cells, or to active secretion of taurine in the milk. Hepatic taurine levels also decreased over the course of lactation, as has been reported previously (15) . Hepatic partitioning of cysteinesulfinate to taurine may increase in liver of lactating rats because increases in CSAD expression were observed in liver of lactating rats; this increase in CSAD expression could, in fact, be an adaptation to the low hepatic taurine concentration. The initial burst of CDO observed in liver during early lactation, possibly related to increased food intake or cysteine availability, might also play a role in increasing taurine availability to the mammary gland via the plasma in the periparturient period. However, additional studies would be necessary to assess the actual contribution of either hepatic or mammary taurine synthesis to the pool of taurine secreted during lactation.
In summary, we have clearly demonstrated the substantial expression of both CDO and CSAD in mammary gland. Furthermore, the unexpected specific localization of CDO to the ductal epithelium of pregnant rats, as well as the localization of CDO in the adipocytes within the mammary gland, raises new questions about the roles of these enzymes in nonhepatic tissues. The function of the robust expression of CDO and CSAD, and presumably the capacity for taurine synthesis, in mammary ductal epithelial cells and mammary adipocytes warrants further investigation.
